Introduction {#sec001}
============

Influenza A viruses (IAVs) circulate among a wide variety of different hosts. They can cross species barriers and establish new virus lineages in avian and mammalian species. As a consequence, IAVs are exposed to recurrent selective pressures, leading to a range of virus variants that are able to cope with the new host environment \[[@ppat.1008384.ref001]\]. Bats were not considered to be part of this IAV habitat until recently, when two phylogenetically distinct IAV lineages, designated H17N10 and H18N11, were identified in the New World bats *Sturnira lilium* and *Artibeus* spp, respectively \[[@ppat.1008384.ref002]--[@ppat.1008384.ref004]\]. Likewise, Old World bats can harbor influenza viruses, as exemplified by the genetically distinct H9N2 virus found in Egyptian fruit bats (*Rousettus aegyptiacus*) \[[@ppat.1008384.ref005]\]. The discovery of influenza viruses in New and Old World bats did severely challenge our previous conception of IAV host range and phylogeny. It, moreover, provided unexpected insights into the remarkable adaptive potential of these viruses and their evolutionary origin.

What was first: IAVs of New or Old World bats? {#sec002}
==============================================

The genetic divergence of IAVs circulating in New and Old World bat species is much broader than initially anticipated. Bat-derived IAVs have a higher overall genetic diversity than conventional non-bat IAVs \[[@ppat.1008384.ref003], [@ppat.1008384.ref005]\]. Internal gene segments that are usually highly conserved among IAVs cluster as one narrow clade on a phylogenetic branch when non-bat IAVs are analyzed, whereas the corresponding gene segments of New and Old World bat IAVs form distant outgroups \[[@ppat.1008384.ref003], [@ppat.1008384.ref005]\] ([Fig 1A](#ppat.1008384.g001){ref-type="fig"} and [S1 Fig](#ppat.1008384.s001){ref-type="supplementary-material"}). New and Old World bat IAVs did most likely split into two genetic branches as a result of either geographic separation or multiple early spillover events of ancient viruses. Phylogenetic backdating of the internal gene segments suggests that the precursor of the New World bat IAVs separated from all other lineages more than 650 years ago, although some uncertainties commonly associated with molecular clock analyses exist ([Fig 1B](#ppat.1008384.g001){ref-type="fig"}). Interestingly, although the Old World bat H9N2 subtype arose from a common ancestor dated around 1700 CE ([Fig 1B](#ppat.1008384.g001){ref-type="fig"}), its H9 hemagglutinin (HA) sequence is phylogenetically similar to younger sequences isolated from avian hosts ([Fig 1C](#ppat.1008384.g001){ref-type="fig"}). This disparity is best explained by the occurrence of more recent reassortment events between Old World bat ancestral viruses and avian strains. Furthermore, our phylogenetic analyses reveal that the newly discovered bat IAVs share a common ancestor with non-bat IAVs ([Fig 1A and 1B](#ppat.1008384.g001){ref-type="fig"}). It is therefore conceivable that all present-day IAVs originate from bats. It is equally possible, however, that an even older IAV precursor was circulating in avian species and was later introduced into mammals---including bats.

![Phylogenetic analysis of the internal gene segments of conventional and bat-derived IAVs highlights the large genetic divergence and recent reassortment events.\
(A) The phylogenetic relationship of conventional and bat-derived IAVs was computed in a SuperNetwork \[[@ppat.1008384.ref028]\] by using the nucleotide sequences of the internal gene segments (PB2, PB1, PA, NP, M, and NS) of 110 representative IAVs and six IBVs. All conventional non-bat IAVs (blue) are of common origin and cluster tightly. In contrast, the internal gene segments of the bat-derived IAVs form two outgroups that are located at a more basal position. Notably, Old World (red) and New World bat IAVs (purple) are widely separated. The parallel lines indicate uncertainties between the phylogenetic trees that make up the presented phylogenetic network. (B) A time-calibrated phylogeny was calculated for PB1 as a representative IAV internal gene segment. The timeline (presented in CE) shows that the New World bat IAV segments branched off more than 650 years ago (purple node) and that the last common ancestor of Old World bat IAVs (red node) and conventional IAVs (blue node) is around 300 years old. (C) Surprisingly, a comparable time-calibrated phylogeny of the Old World bat H9 HA (red node) along with conventional H8, H9, and H12 HAs (blue nodes) points to a much more recent common ancestor for the Old World bat--derived HA. See [supporting information](#sec007){ref-type="sec"} for a detailed description of the performed phylogenetic analysis ([S1 Technical Appendix](#ppat.1008384.s002){ref-type="supplementary-material"}) and a full-sized version of the phylogenetic network ([S1 Fig](#ppat.1008384.s001){ref-type="supplementary-material"}). HA, hemagglutinin; IAV, influenza A virus; IBV, influenza B virus; NP, nucleoprotein.](ppat.1008384.g001){#ppat.1008384.g001}

What is the biological role of the bat IAV surface glycoproteins? {#sec003}
=================================================================

IAVs initiate infection via the viral HA surface glycoprotein that binds to sialic acid receptors on host cell glycoproteins ([Fig 2A](#ppat.1008384.g002){ref-type="fig"}). Until recently, it was thought that sialic acids serve as the universal receptors for all influenza virus strains, thereby facilitating cross-species transmission. Indeed, the HA of the newly discovered Old World bat H9N2 virus binds to α2,3-sialic acid moieties \[[@ppat.1008384.ref005]\]. Surprisingly, however, H17 and H18 of the New World bat influenza strains were found to lack this property and cannot use sialic acid receptors for infection \[[@ppat.1008384.ref003], [@ppat.1008384.ref006], [@ppat.1008384.ref007]\]. Instead, both New World bat--derived HA subtypes utilize major histocompatibility complex class II (MHC-II) molecules for cell entry \[[@ppat.1008384.ref008], [@ppat.1008384.ref009]\]. Importantly, MHC-II proteins of multiple species, including chicken, pigs, mice, and humans, can serve as receptors, indicating that receptor usage by bat IAVs does not provide a tight species barrier but is compatible with a broad host range ([Fig 2B](#ppat.1008384.g002){ref-type="fig"}) \[[@ppat.1008384.ref010]\]. MHC-II molecules are normally found on immune cells of the lymphoid tissue, such as B cells, macrophages, and dendritic cells \[[@ppat.1008384.ref011]\], but they can also be expressed on epithelial cells \[[@ppat.1008384.ref012]\]. Although MHC-II molecules are indispensable for H17- and H18-mediated cell entry \[[@ppat.1008384.ref008], [@ppat.1008384.ref009]\], it is presently not clear whether they serve as bona fide binding receptors or else as necessary entry cofactors. Physical interactions between H17/H18 and MHC-II molecules need to be demonstrated, and the binding interface(s) need to be defined.

![Model of the receptor binding and modulating activity of the known IAV surface glycoproteins.\
(A) Infection of a host cell is initiated by binding of HA subtypes H1--16 to sialic acid residues exposed on the host cell surface. These glycan structures are subsequently cleaved off by NA of the subtypes N1--9 in order to facilitate the release of viral particles. (B) The H17 and H18 HA proteins of New World bat IAVs utilize MHC-II molecules for cell entry. Preliminary data suggest that the New World bat IAV N11 NA protein decreases MHC-II surface expression by a yet unknown mechanism, allowing unhindered release of budding particles. (C) The New World bat IAV subtype H18N11 exhibits an unforeseen high flexibility to quickly acquire H18~mut~ that compensate for an N11~trunc~ and restore efficient growth in cell culture and mice. (D) This inherent flexibility of H18 might have the potential to allow further adaptations to new cell surface receptors. H18~mut~, mutations in H18; HA, hemagglutinin; IAV, influenza A virus; MHC-II, major histocompatibility complex class II; N11~trunc~, truncated N11; NA, neuraminidase.](ppat.1008384.g002){#ppat.1008384.g002}

Conventional IAVs and the bat H9N2 virus possess the surface glycoprotein neuraminidase (NA), which removes sialic acid residues from infected cells to facilitate the release of newly formed viral particles ([Fig 2A](#ppat.1008384.g002){ref-type="fig"}). The New World bat--derived IAVs also encode an NA protein which, however, has no detectable sialidase activity \[[@ppat.1008384.ref002], [@ppat.1008384.ref003], [@ppat.1008384.ref013], [@ppat.1008384.ref014]\]. Its real function has remained enigmatic until recently. Preliminary data now suggest that bat N11 down-regulates the surface expression of MHC-II molecules by an as yet unknown mechanism \[[@ppat.1008384.ref015]\] ([Fig 2B](#ppat.1008384.g002){ref-type="fig"}). If confirmed, these data demonstrate that the surface glycoproteins of New World bat IAVs have both receptor binding and destroying activities and hence serve the same function as the HA and NA proteins of conventional IAVs.

Why did the New World bat influenza viruses evolve this way and what are the consequences? {#sec004}
==========================================================================================

A well-known characteristic of IAVs is their capacity to rapidly evolve and adapt to new environments. Their adaptability is based mainly on (1) gene reassortment (i.e., the ability to exchange gene segments between strains) and (2) genetic drift that generates a vast number of viral quasispecies due to the infidelity of the viral polymerase \[[@ppat.1008384.ref016]\]. Reassortment between two different yet compatible viruses may generate antigenically novel strains with pandemic potential \[[@ppat.1008384.ref017]\]. Favorable mutations acquired by genetic drift allow evasion from host immune responses and promote successful adaptation to new hosts. For instance, specific amino acid substitutions in HA (E190D/G225D and Q226L/G228S) enable avian IAVs to bind and infect human cells \[[@ppat.1008384.ref018]\]. Interestingly, as the H17 and H18 proteins of New World bat IAVs are homologs of the HA glycoproteins of conventional IAVs, they must have undergone drastic changes to accommodate MHC-II molecules as entry factors. An exchange of key amino acids in the putative receptor binding site prevents any interaction with sialic acid residues \[[@ppat.1008384.ref002], [@ppat.1008384.ref003], [@ppat.1008384.ref006]\]. The underlying selection pressure that resulted in the switch of receptor usage is not known and remains a matter of speculation. A plausible scenario would be that the precursor of the presently known IAVs harbored a HA protein with a dual affinity for sialic acids and for an unknown---possibly MHC-II-related---cellular surface protein, allowing infection of both birds and bats. Possibly because of ecological separation of this ancestral influenza virus in New World bats, subsequent evolution in the new host led to increased affinity for MHC-II. Simultaneously, the evolutionary process fostered additional species-specific adaptations. These comprise for example the co-selection of genome packaging signals in conjunction with a specific set (code) of amino acids in the viral nucleoprotein (NP) \[[@ppat.1008384.ref019]--[@ppat.1008384.ref021]\]. Both the segment-specific packaging signals and a compatible NP amino acid code are compulsory to orchestrate the incorporation of the viral genome into progeny virions \[[@ppat.1008384.ref022]\]. Therefore, because of nonmatching packaging sequences and a different NP amino acid code, New World bat and conventional non-bat IAVs are unable to reassort their genomes \[[@ppat.1008384.ref020]\]---an additional unique feature of New World bat IAVs, making them a truly divergent entity of IAVs.

Do New World bat IAV HAs provide a playground for future evolution? {#sec005}
===================================================================

Conventional sialic acid--binding HA and NA proteins are well studied and known to evolve rapidly in face of a rigorous host immune response \[[@ppat.1008384.ref001]\]. The surface glycoproteins of the New World bat IAVs are still poorly understood and their adaptive potential is presently unknown. First studies show that serial passages of the H18N11 subtype in non-bat epithelial cells resulted in the emergence of efficiently replicating mutant viruses. Surprisingly, the selected mutants harbored a truncated nonfunctional N11 protein yet were able to replicate in mice, ferrets, and bats \[[@ppat.1008384.ref015]\] ([Fig 2C](#ppat.1008384.g002){ref-type="fig"}). Sequence analysis showed that these virus variants had acquired at least two mutations in the H18 head domain that appeared to compensate for the loss of a functional N11. Perhaps these acquired mutations reduced the binding affinity of H18 to MHC-II and supported N11-independet replication. Virus release may have been further facilitated by the fact that New World bat IAV particles bud at the apical membrane of epithelial cells \[[@ppat.1008384.ref023]\], where MHC-II molecules are scarce \[[@ppat.1008384.ref024]\]. Remarkably, H17N10 and H18N11 are the first IAV subtypes that utilize a proteinaceous entry receptor. The amazing ability of H18 to rapidly overcome the absence of a functional N11 suggests that the structure of H18 (and possibly H17) may provide a broader scope of evolutionary flexibility than that of conventional sialic acid--dependent IAVs. It is therefore tempting to speculate that bat IAV HA proteins, and in particular H18, might have the potential to adapt to novel and so far unknown entry receptors different from MHC-II ([Fig 2D](#ppat.1008384.g002){ref-type="fig"}).

How likely is a spillover of bat IAVs into the human population? {#sec006}
================================================================

Up to now, more than 200 different viruses have been isolated from or detected in bats. Some of these bat-borne viruses, such as rabies, Ebola, severe acute respiratory syndrome (SARS), and Middle East respiratory syndrome (MERS) virus, have caused human and animal diseases, highlighting their zoonotic and epizootic threat \[[@ppat.1008384.ref025]\]. The risk for zoonotic transmission and the associated pandemic potential that emanates from an influenza virus considerably depends on its degree of human preadaptation and the ability to overcome host restrictions. Whereas avian IAVs carry gene segments with species-specific determinants that allow efficient replication in avian but not necessarily human cells \[[@ppat.1008384.ref018]\], the New and Old World bat IAVs appear to possess a human-compatible gene signature due to their mammalian origin. Indeed, upon serial passaging of chimeric New World bat IAVs in eggs and avian cells, these viruses readily acquired mutations in several genes. In sharp contrast, no such mutations occurred in primary human airway epithelial cell cultures \[[@ppat.1008384.ref020]\], indicating that the internal viral proteins are well suited for the replication in human cells. Moreover, New World bat IAVs might well have the potential to infect humans, because their HAs can utilize the human MHC-II homolog human leukocyte antigen-DR isotype (HLA-DR) for cell entry \[[@ppat.1008384.ref008], [@ppat.1008384.ref009]\]. Nevertheless, H18N11 viruses did not induce any pathogenicity in and were not transmissible among ferrets \[[@ppat.1008384.ref015]\], which are considered to be the best animal model for human influenza \[[@ppat.1008384.ref026]\]. Aside from this, H18N11 is also not able to overcome the intracellular restriction imposed by major host defense factors such as the human type I and III interferon-induced antiviral factor MX (in humans, MxA), because of the lack of MxA escape mutations in NP \[[@ppat.1008384.ref027]\]. As to bat H9N2, the usage of α2,3- instead of α2,6-sialic acid residues, together with the lack of obvious MxA resistance mutations in NP \[[@ppat.1008384.ref005]\], suggests that the Old World bat virus possesses a low degree of human preadaptation. Thus, based on the currently available data, there is a clear, albeit low, risk for zoonotic spillover of the different bat IAVs. In view of their human-adapted internal gene segments and the ability to rapidly acquire new mutations, future transmissions to humans cannot be excluded, and proper surveillance of bat IAV distribution is indicated.

Supporting information {#sec007}
======================

###### Phylogenetic relationship of IAVs and influenza B viruses.

The presented phylogenetic network is based on the segments PB2, PB1, PA, NP, M, and NS from 110 representative IAVs (highlighted in green) and six influenza B viruses (highlighted in yellow). A more detailed close-up zoom of IAVs is presented in the main text ([Fig 1A](#ppat.1008384.g001){ref-type="fig"}), and methods are described in detail in [S1 Technical Appendix](#ppat.1008384.s002){ref-type="supplementary-material"}. IAV, influenza A virus; NP, nucleoprotein.
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